This investigation was undertaken primarily to examine the possibility of hearing damage from industrial ultrasonic equipment. In the factory concerned, ultrasonic washers and drills were used at a number of different locations, and girls working 12 ft (3.6 m.) away from one bank of three small washers complained of unpleasant subjective effects which included fatigue, persistent headaches, nausea, and tinnitus.
ultrasound would only be encountered in regions where approach was normally barred by safety considerations (Guignard, I965) .
Davis, Parrack, and Eldredge (I949) had stated that there was no evidence that airborne ultrasonics themselves constituted a hazard to the hearing, and, in general, high intensities of audible noise were potentially more hazardous. Parrack (1952) con- cluded that there was no hazard from laboratory sources of airborne ultrasonic frequencies, but Crawford (I955) reported that the original laboratory workers had suffered unusual fatigue, loss of equilibrium, nausea, and headaches which persisted after the exposure had ceased, and 'some loss of hearing in the upper audible frequencies' although this was not substantiated by audiometry and was probably a purely subjective observation.
Skillern (I965) attempted to correlate subjective effects, which included headaches, nausea, fatigue, and even auditory pain, with the levels found in the vicinity of industrial ultrasonic machines and concluded that the ear was sensitive to a narrow band of frequencies centred on 25 kc/s. Parrack (I966) reported temporary threshold shifts only at subharmonics as a result of five-minute exposures to discrete frequencies in the range 17 to 37 kc/s at levels of 148 to 154 dB. Recovery from these shifts was rapid and no residual permanent threshold shifts were observed. No subjective effects as a result of these exposures were mentioned.
The present investigation was undertaken at the instigation of one of us (M.B.C.) to examine the possibility of hearing damage from industrial ultrasonic equipment. In the factory concerned, ultrasonic washers and drills were used at a number of different locations. One group of girls, working on a line of dry-boxes some 12 ft (3-6 m.) from a bank of three small washers, complained of fatigue, headaches, nausea, and tinnitus, but enclosure of these washers had completely relieved the symptoms. This was essentially a three-part investigation. First, the sound fields in the positions normally occupied by the operators were measured and the levels were compared with the subjective effects already mentioned. Secondly, the exposed personnel were examined audiometrically before and after exposure, it being assumed that any potential hearing hazard would produce a temporary threshold shift during a working day. Although there was no apparent theoretical reason why hearing damage should occur due to exposure to the frequencies encountered, some high-frequency hearing loss had been mentioned in the literature, and, in view of the symptoms of tinnitus, it was considered worth while to investigate this possibility.
Finally, the subjective data were further confirmed under controlled laboratory conditions by exposing three subjects to a range of frequencies above i6 kc/s at sound pressure levels up to I13 dB.
Noise Measurement
The sound pressure levels were measured, at positions normally occupied by the machine operator's head, using a Bruel and Kjaer i-in. condenser microphone (type 4I35) coupled to a spectrometer (type 2I12). This enabled a one-third octave band analysis to be made up to, and including, the band centred on 40 kc/s. Detailed measurements were not made below 6-3 kc/s as the overall sound pressure level throughout the plant was of the order of 8o dB(A), and this is below the level normally taken as the hearing damage risk criterion (Acton, I967) .
Subjective Effects
Although I2 machines were involved, they may be conveniently considered in three groups: (i) drills operating at 20 kc/s; (2) small laboratory washers operating at i6 kc/s (with an ultrasonic harmonic at 32 kc/s); and (3) washers operating at 20 kc/s.
Six ultrasonic drills operating at 20 kc/s were in use, and these were grouped in pairs. The levels measured at the operating positions for these pairs of machines are shown in Figure i . No complaints were volunteered by the operators of the drills, who were all men, but the authors themselves experienced a persistent ringing in the head and an unpleasant sensation of 'fullness' of the ears from the noise which was clearly audible yet not very loud, but they were not exposed for sufficiently long periods for the other symptoms to become manifest.
Two small laboratory-type washers were also in use operating at a frequency of i6 kc/s, with an ultrasonic harmonic at 32 kc/s. Although no actual complaints were volunteered by the women operators of these washers, the authors experienced a piercing, almost painful whistle, and the general subjective effects, although not persistent, were rather more unpleasant than those experienced in the vicinity of the drills and larger washers. An average of the readings taken at the operating position for these washers is shown as the dotted line in Figure 2 .
The final group of machines to be considered consisted of a bank of washers operating under an extractor hood. Figure 2 . The operators of these machines, who were predominantly women, complained of fatigue, headaches, tinnitus, and nausea, the headaches persisting for several hours after exposure had ceased. The authors themselves experienced the same subjective effects as occurred in the vicinity of the drills, but to a somewhat greater degree. The noise was also transmitted along a column of air in a bank of dry-boxes, one end of which was situated near the ultrasonic source. Personnel working at the far end of the boxes complained of similar symptoms.
The group of larger washers which caused the greatest subjective effects was housed under an extraction hood and was conveniently situated to make enclosure possible. Because of the corrosive nature of the fumes evolved during the washing process, the choice of materials was very limited, and the enclosure, shown in Fig. 3 , was constructed from poly-vinyl chloride and Perspex, with stainless steel runners on the outside of the enclosure for the doors. The enclosure was far from perfectly sealed but nevertheless attenuated the noise sufficiently to abate all unpleasant subjective effects. The attenuation achieved is shown in Figure 4 .
The enclosure could possibly have been made air-tight with a corresponding improvement in attenuation, but it would then have been necessary to provide relief ventilation for the extraction system. As the subjective effects were no longer troublesome in the vicinity of the washers or at the end of the bank of dry-boxes, it was decided to leave matters as they were. period of the investigation was less than ±o-3 dB up to and including 4 kc/s and less than t I *5 dB at frequencies of 6 kc/s and above. These figures were considered more than satisfactory for a field investigation.
The audiograms were taken in a small, totally enclosed examination room with an acoustically treated ceiling in the factory Medical Centre. The octave band pressure levels in this room were checked and in the test range (2 to 12 kc/s) were found to be below the maximum levels allowable if the background noise in the corresponding octave band is not to mask test tones of -I0 dB re threshold (Taylor, Burns, and Mair, I964).
The apparatus was arranged so that the subject was unable to observe the operation of the switch or the movement of the monitoring meter. The audiometric technique was essentially that described by Hinchciffe and Littler (I958) except that the initial test frequency in each ear was 2 kc/s and progressed to higher frequencies. The mean of the descending and ascending thresholds was taken as the subject's true threshold.
Audiometric Results
In all, i8 subjects were tested, but five ears were excluded on account of otological abnormalities leaving a total of 3I ears in I6 subjects.
In view of the great variation in susceptibility to damage from noise exposure between individual subjects, it was considered more meaningful to consider differences in individual audiograms taken before and after the day's exposure. Atherley and Fordyce (I963) reported an investigation of the reliability of repeated threshold measurements on a group of medical students, using an audiometer with 5 dB steps. The magnitude of change in individual threshold shifts which would be considered statistically significant was calculated, and at the i % level of significance this was I0 dB at 2 and 3 kc/s, and I7-5 dB at 4, 6, and 8 k/cs. A total of I3 threshold shifts at particular frequencies equal or exceed these figures (assuming a I7-5 dB shift to be significant at I0 and I2 kc/s also), but these shifts which represent only some 6% of the total are distributed among five frequencies in I0 ears and include two negative values, i.e., the hearing had apparently improved. Level of significant temporary threshold shift (Atherley and Fordyce, 1963) 
Subjective Laboratory Experiments
Three subjects were exposed to noise maximal in the i6 to 40 kc/s range produced by a Galton whistle under controlled laboratory conditions. The fundamental frequency of this device was controlled by adjusting the volume of the cavity of the whistle with a screwed piston. Two of the subjects with normal hearing experienced the same subjective effect of 'fullness' in the ears followed by a headache as occurred from the washers and drills in the factory, but the other subject, who was unable to hear a i6 kc/s pure-tone, remained unaffected. One-third octave band analyses of these levels were obtained at a subject's ear with the measuring equipment described earlier, and these are shown in Figure 5 . The only marked difference between spectra which produced subjective effects and those which did not occurred at i6 kc/s, and the transition appeared to occur between sound pressure levels of 76 dB and 78 dB; the former did not produce effects whereas the latter did.
Discussion
The various subjective effects were observed in persons exposed to high levels of upper audiofrequency noise produced as a by-product of industrial processes using ultrasonics. When the high audio-frequency noise from the larger washers was attenuated by I7 to I9 dB, but the fundamental ultrasonic frequency of 20 kc/s was attenuated only by IO dB (Fig. 4) , these effects were completely abated. A machine operating at i6 kc/s, but without any intense low-ultrasonic frequencies in the noise (small washer, Fig. i) , also produced these effects.
Furthermore, the laboratory experiments (Fig. 5) show that whereas a level of IOI dB at 20 kc/s (inaudible) produced no subjective effects, a level of 78 dB at i6 kc/s produced effects in two subjects to whom it was audible. This seems to indicate, contrary to what has been claimed previously (Skillern, I965) , that the high-frequency audible noise was, in fact, responsible for these subjective effects.
In the factory, women were affected more than men, but as the men were generally older and all had high-tone hearing losses probably due to both presbycusis and previous noise exposure, no significance is attached to this difference. No permanent threshold shifts were found which could not be attributed to previous noise exposures, and this confirms Parrack's (I966) Re-examination of Skillern's (I965) data, in the light of accepted damage risk criteria and the results of this investigation, shows that all frequency spectra he quoted as producing subjective effects were above the 78 to 79 dB level at i6 kc/s, and the two which produced 'no comments' were below it. This has been taken as further evidence for the theory advanced for a subjective effects criterion, and for the hypothesis that the high levels of audible noise are responsible for all the subjective effects, and not the ultrasonic frequencies themselves as had often been stated.
